Enhancers of yellow (e(y)) is a group of genetically and functionally related genes for proteins involved in transcriptional regulation. The e(y)3 gene of Drosophila considered here encodes a ubiquitous nuclear protein that has homologues in other metazoan species. The protein encoded by e(y)3, named Supporter of Activation of Yellow Protein (SAYP), contains an AT-hook, two PHD fingers, and a novel evolutionarily conserved domain with a transcriptional coactivator function. Mutants expressing a truncated SAYP devoid of the conserved domain die at a midembryonic stage, which suggests a crucial part for SAYP during early development. SAYP binds to numerous sites of transcriptionally active euchromatin on polytene chromosomes and coactivates transcription of euchromatin genes. Unexpectedly, SAYP is also abundant in the heterochromatin regions of the fourth chromosome and in the chromocenter, and represses the transcription of euchromatin genes translocated to heterochromatin; its PHD fingers are essential to heterochromatic silencing. Thus, SAYP plays a dual role in transcription regulation in euchromatic and heterochromatic regions.
Introduction
Transcriptional regulation requires concerted action of a large number of proteins or protein complexes. Some of them modulate the local structure of chromatin, making it more or less accessible to other transcription factors, while others bind to the regulatory regions of the gene and recruit the general transcription factors to the promoter (for review, see George et al, 1995; Lee and Young, 1998; Bell and Tora, 1999) .
Significant portions of the eukaryotic genome, in particular, the centromeric and telomeric regions of chromosomes, are packaged in constitutive heterochromatin, which is associated with condensed appearance and late replication in the S phase (Zhimulev, 1998) . The introduction of euchromatic genes or transgenes to heterochromatin leads to mosaic expression known as position effect variegation (PEV) (Weiler and Wakimoto, 1995; Hwang et al, 2001) . PEV is associated with transcriptional silencing of the gene in part of cells, caused by expansion of the heterochromatin conformation; this phenomenon appears to be general and to affect genes with different promoters (Schotta et al, 2003) .
The mechanism of heterochromatin silencing is conserved in evolution and is believed to involve multiprotein complexes. Heterochromatin protein 1 (HP1) (James and Elgin, 1986 ) is supposed to play a key role in maintaining the heterochromatin structure (Clark and Elgin, 1992) . It is mainly associated with pericentric heterochromatin (James et al, 1989) , and a loss-of-function mutation of Drosophila HP1 (Su(var)2-5) acts as a dominant suppressor of PEV (Eissenberg et al, 1992; Cryderman et al, 1998; Eissenberg and Elgin, 2000) . HP1 is thought to interact both with modified histones and with proteins instrumental in transcription silencing, such as histone H3 methyltransferase (SU(VAR)3-9), recruiting them to heterochromatin (Kellum, 2003) . HP1 was also shown to directly interact with zincfinger protein SU(VAR)3-7 (Cleard et al, 1997) and heterochromatin protein 2 (HP2), which has two AT-hook domains (Shaffer et al, 2002) . These proteins colocalize with HP1 in heterochromatin regions on polytene chromosomes of Drosophila (chromocenter and the small fourth chromosome). Like Su(var)2-5, mutations of the corresponding genes are dominant suppressors of PEV, that is, these proteins are required for spreading of heterochromatin and establishment/maintenance of the silent state.
The group of enhancer of yellow (e(y)) genes has been isolated in a genetic screen aimed to find mutations influencing the activator-dependent transcription (Georgiev and Gerasimova, 1989) . In our previous studies, we have shown that e(y)1 encodes TAF9, a subunit of both TFIID and the TFTC complexes (Soldatov et al, 1999) , and that e(y)2 encodes a small nuclear protein highly conserved in metazoan evolution (Georgieva et al, 2001 ). E(y)2 was found to be present in a large multiprotein complex containing TAF9 and to potentiate transcription activation on chromatin templates (Georgieva et al, 2001) . Recently, the yeast homologue of E(y)2, Sus1, was identified as a component of both the SAGA complex and the nuclear pore-associated mRNA transport machinery (Rodriguez-Navarro et al, 2004) . Interestingly, the weak mutations of e(y) genes that do not influence the viability of flies proved to be lethal in compound, suggesting that these genes have overlapping and/or redundant functions (Georgiev, 1994) .
The e(y)3 gene has been genetically shown to activate the transcription of the yellow gene: the e(y)3 mutation decreased the expression of the y 2 allele (Georgiev and Gerasimova, 1989) . Partial inactivation of the e(y)3 function impairs the expression of the white and cut genes, suggesting a general role in transcription for the e(y)3 protein product (Georgiev, 1994) .
Here we identify and characterize the protein encoded by the e(y)3 gene. E(y)3, hereafter called Supporter of Activation of Yellow Protein (SAYP), is a large multidomain nuclear protein essential at early stages of embryonic development. It contains several nuclear localization signals, an AT-hook, a novel evolutionarily conserved domain, and two PHD fingers near the carboxy terminus. SAYP is present at numerous sites on polytene chromosomes and colocalizes with Pol II in transcriptionally active euchromatin. Its conserved domain is shown to be involved in transcription activation. On the other hand, SAYP is also found in heterochromatic regions of polytene chromosomes. It negatively regulates the expression of genes in heterochromatin, and its PHD fingers are essential to this function. Our results suggest a general role for SAYP/ E(y)3 in regulation of transcription in both euchromatin and heterochromatin.
Results and discussion
Structure of the e(y)3 gene Two mutant alleles of e(y)3 genetically mapped to 19C of the X chromosome have been isolated. Isolation of the viable e(y)3 u1 allele, induced by insertion of a Stalker mobile element, was described before (Georgiev et al, 1990) . The lethal allele e(y)3
EMSl was later found in the progeny of ethylmethanesulfonate-treated (EMS) males (see Materials and methods).
To isolate the e(y)3 gene, the sequences surrounding the Stalker in e(y)3 u1 flies were cloned. Sequencing demonstrated that Stalker insertion occurred in the genetic locus encoding a protein with two PHD fingers at the C terminus (FlyBase report CG12238). To prove that e(y)3 mutations really influence CG12238, the corresponding genomic region ( Figure 1A ) including the predicted promoter sequences was cloned in CaSpeR3 vector and used to rescue the e(y)3 u1 and e(y)3
EMSl mutants. Each of five independently obtained transgenes completely restored the wild-type phenotype, demonstrating that the isolated gene was really e(y)3 (CG12238).
Several cDNA clones corresponding to e(y)3 were isolated from a cDNA library prepared from strain Oregon R. This gene has 12 exons ( Figure 1A) , containing an open reading frame (ORF) for a protein of 2008 amino acids, that is, 165 residues longer than the one presented in FlyBase. The main e(y)3 mRNA detected by Northern blot hybridization was 10 kb long. However, three additional weaker transcripts of lower molecular weight were also found ( Figure 1B) . Analysis of the cDNA clones showed that three mRNAs of e(y)3 were identical in their coding sequences but different in their 3 0 -untranslated regions. The 6.5-kb transcript was found to have an alternative start of transcription at exon 2 and thus to contain the coding region, which is 163 amino acids shorter.
Next, polyclonal antibodies against two different peptides from the SAYP N-proximal region (Ab1 and Ab2; see Figure 2 ) were raised in rabbits. Antiserum 1 and affinity-purified Ab1 and Ab2 detected the same two closely migrating protein species (about 270 and 250 kDa) in a nuclear extract from Drosophila embryos ( Figure 1C , lanes 1, 3, and 4) that were not recognized by preimmune sera (lanes 5 and 6). Moreover, the bands specifically disappeared if the antiserum was incubated with the peptides used for immunization before Western blotting (lane 2). The lower band seems to represent a version of SAYP lacking the N-terminal stretch and synthesized from the 6.5-kb transcript, as the difference between two bands (about 20 kDa) is quite close to the expected one (18 kDa). The molecular weight of SAYP proteins is higher than that calculated from the amino-acid sequence, which may be explained by post-translational modifications. Also, it cannot be excluded that the two bands detected on Western blot represent differently modified SAYP.
SAYP is a multidomain protein with PHD fingers near the C terminus SAYP contains four serine-rich regions, a proline-rich region, two glutamine stretches, and two positively charged clusters. The lanes were developed with (1) nonpurified antiserum 1, (2) antiserum 1 after 1-h incubation with the peptide used for immunization, (3, 4) affinity-purified Ab1 and Ab2, and (5, 6) preimmune serum. Ab1 were raised against residues 102-308. Ab2 were raised against residues 495-643.
It also contains seven putative nuclear localization signals in different parts of the molecule (Figure 2 ).
An AT-hook motif is present in the central part of SAYP. The AT-hook, first described in HMGA proteins, is a small motif recognizing AT-rich sequences and binding to the minor groove of the DNA helix. Multiple or single AT-hook motifs have been detected in a wide range of nuclear proteins from different species, including multidomain chromatin-associated proteins involved in transcription activation or repression (for review, see Aravind and Landsman, 1998) .
Near the carboxy terminus of SAYP, there are two PHD fingers. PHD is an orphan conserved Cys 4 -His-Cys 3 Zn-finger domain found in many chromatin-associated proteins, including several transcription factors, for example, TrxG (Mazo et al, 1990) and PcG (DeCamillis et al, 1992) ; acetyltransferase CBP/p300 (Kalkhoven et al, 2002) ; Mi-2 protein, a component of the histone deacetylating complex (Wade et al, 1999) ; and the chromatin remodeling protein Acf1 (Ito et al, 1999) .
The homologues of SAYP from different species contain a highly conserved domain followed by PHD fingers A database search revealed sequences homologous to SAYP in human (hypothetical protein XAP135/PHF10) (Rebhan et al, Figure 2 SAYP is a multidomain protein that has homologues in different species. (A) The structure of SAYP. AT-hook, SAY domain (aminoacid residues 1340-1573), PHD fingers (1692-1796), Ser-rich regions (293-345, 1018 Ser-rich regions (293-345, -1117 Ser-rich regions (293-345, , 1629 Ser-rich regions (293-345, -1693 Ser-rich regions (293-345, , 1960 Ser-rich regions (293-345, -1970 , Pro-rich region (119-126), Gln stretches (93) (94) (95) (96) (97) (375) (376) (377) (378) (379) , positively charged regions (1146) (1147) (1148) (1149) (1150) (1151) (1152) (1153) (1154) (1155) (1156) (1157) (1158) (1159) (1160) (1297) (1298) (1299) (1300) (1301) (1302) (1303) , and nuclear localization signals (770-777, 805-811, 881-884, 991-997, 1297-1305, 1417-1420, 1610-1616) are indicated. The beginning of the short alternative form (residue 164) is indicated by an arrow. Asterisks mark the last amino acid of the protein in e(y)3 u1 (1652) and e(y)3 EMSl (1175) alleles. The positions of peptides used to raise antibodies are indicated (Ab1 and Ab2). (B) Sequence alignment of the SAY domains from proteins of different species. Hom, Homo sapiens, NP_060758 locus; Mus, M. musculus, NP_077212 locus; Rat, Rattus norvegicus, XP_214780 locus; Dan, D. rerio, AAH57492 locus; Dro, Drosophila melanogaster, SAYP; Ano, A. gambiae, XP_321190 locus; Cae, C. elegans, A88925 locus; amino acids identical to human are background-shaded when present in more than four species. (C) Comparison of SAYP domain structure with homologues from A. gambiae (Ano), C. elegans (Cae) and vertebrate (Hom). Solid box stands for the SAY domain, light box for the PHD finger, and oval for the Ser-rich region.
1997) and several other metazoan species including mouse Mus musculus, zebrafish Danio rerio, and nematode Caenorhabditis elegans as well as mosquito Anopheles gambiae ( Figure 2B ). The vertebrate proteins are very close in sequence (75% identity between human and fish) and length, representing the core of evolutionary conservation ( Figure 2C ). Both insect and nematode proteins are considerably longer, extending in both directions.
The comparison indicated that all homologues contained a highly conserved domain, hereafter referred to as the Supporter of Activation of Yellow (SAY) domain. The SAY domain (30% identity and 45% similarity between Drosophila and human proteins) is followed, after a short low-homology region, by PHD fingers. It is noteworthy that the two putative PHD fingers of SAYP share the conserved Cys residue, implying that only one PHD may function at a moment. The same is observed for SAYP homologues from other species, except for the mosquito protein, which has only one finger. The Drosophila protein, like the vertebrate homologues, has a serine-rich region in the spacer. The pronounced conservation of this domain arrangement from insects to mammals strongly suggests that both domains are essential to the function of these factors.
SAYP is a ubiquitous nuclear protein indispensable in oogenesis and early Drosophila development
The 10-kb e(y)3 mRNA was detected at all stages of insect development ( Figure 3A ) as well as were all weaker transcripts (data not shown). However, the most intense transcription was observed in adult females. The highest content of e(y)3 mRNA was detected in ovaries. It was present in the cytoplasm of nursing cells and growing oocytes at all stages of development and accumulated in mature oocytes ( Figure  3B and C).
Immunostaining also revealed SAYP in the nuclei of syncytium blastoderm of early embryos ( Figure 3D and I) and in the nuclei of different tissues of late embryos ( Figure 3J and K), larvae, and adults ( Figure 3E -H and data not shown). According to the in situ hybridization data, SAYP is abundant in the nuclei of various ovary cells (Figure 3E and F) . Thus, SAYP is a ubiquitous nuclear protein, expressed at all stages of development and in different tissues of flies. Interestingly, the cDNAs of XAP135/PHF10, the human counterpart of SAYP, were found by us in EST databases prepared from various tissues, suggesting that XAP135/PHF10 is also a ubiquitous protein (Rebhan et al, 1997) .
In line with the essential role of SAYP in oogenesis shown above, the major phenotypic manifestation of the e(y)3 u1 mutation was female sterility. The e(y)3 u1 mutation also decreased fly viability-by 50% hemizygous males and by 20% in homozygous females-and caused disturbances in the development of femur, shortened body, and expanded wings. All these features were weak and were observed in 15-20% of flies.
Homozygous e(y)3 EMSl females and hemizygous e(y)3
EMSl males died at a midembryonic stage. Their survival at earlier stages appears to be due to the maternal effect of the e(y)3 gene. Examination of e(y)3 EMSl embryos revealed multiple and variable disturbances in development including the formation of head, midgut, malpigian tubes, and embryonic gonads (data not shown). The mutations of genes encoding several different transcription factors have similar manifestations, suggesting that these genes probably interact with e(y)3 in development. Of particular interest is the cut locus, whose function is necessary for specification of a large number of cell types. Previously, we have reported the genetic interaction of e(y)3 and the cut locus (Melnikova et al, 1996) . However, the interaction of e(y)3 with other genes needs further careful investigation. The manifestations of e(y)3 mutations suggest SAYP to be indispensable for oogenesis and early stages of development.
The molecular nature of e(y)3 mutations
The e(y)3 u1 mutation is generated by Stalker insertion in exon 10 at position 4956 from the beginning of the longest ORF. It produces a stop codon close to the place of insertion (see legend to Figure 1B) . Therefore, the mutant SAYP lacks the last 349 amino acids corresponding to PHD domains (Figure 2) . Besides, e(y)3 transcription is considerably less intense in the e(y)3 u1 flies ( Figure 1B) . Sequencing of the e(y)3
EMSl allele revealed a stop codon produced upon an 11-nucleotide deletion at position 3525. Importantly, in this case, the SAYP is truncated close to the beginning of the conserved region, thus lacking most of the SAY domain and the two PHDs.
The truncated SAYP is detected in nuclear extracts of Drosophila embryos of e(y)3
u1 and e(y)3/e(y)3 EMSl strains by Western blot (Figure 4A ), confirming the obtained data. In extracts from homozygous e(y)3 u1 flies, the antibodies recognize two bands of 240 and 220 kDa corresponding to SAYP lacking PHDs. According to the transcription data, the level of the protein is decreased in e(y)3 u1 flies (about 3-4 times). Two bands (180 and 160 kDa) in addition to the wild-type SAYP (270 and 250 kDa) are detected in heterozygous e(y)3/ e(y)3
EMSl flies. The presence of SAYP was also tested in embryos of the e(y)3
EMSl /e(y)3 EMSl strain containing the construct that expressed SAYP lacking PHDs (see below). The bands corresponding to protein lacking the SAY domain as well as two bands corresponding to transgenic SAYP (230 and 210 kDa) were also detected. It is noteworthy that, like the full-length SAYP, the truncated versions also exhibit abnormal mobility. However, the difference in electrophoretic mobility of wild-type and mutated or transgenic versions of SAYP coincides with the expected values. The same results were obtained with Ab2 raised against a different peptide of SAYP ( Figure 4B ).
SAYP is an abundant protein of euchromatin that also binds to heterochromatin regions
To assess the distribution of SAYP in chromatin, we undertook immunostaining of polytene chromosomes from Drosophila salivary glands. Affinity-purified antibodies Ab1 or Ab2 were used for immunostaining. Both antibodies were shown to be specific ( Figure 4A and B): they selectively recognize on Western blots the wild-type and mutated versions of SAYP and do not recognize any unspecific bands. About 150 sites of SAYP binding were detected ( Figure 5A) ; the two antibodies recognized the same sites in the arms of polytene chromosomes ( Figure 5B ). Most of them coincided with those containing Pol II ( Figure 5A and B) and were localized in the less compact regions of chromatin poorly stained with DAPI ( Figure 5B ). On the other hand, Pol II was revealed at many more sites than SAYP, indicating that SAYP is only present at a certain fraction of the transcribed genes.
Unexpectedly, immunostaining of polytene chromosomes also revealed SAYP in heterochromatic regions: in the chromocenter and at chromosome 4 ( Figure 5D ), most of which is represented by heterochromatin (Sun et al, 2000) . Antibodies against SAYP strongly decorated these regions, while only weak staining of the fourth chromosome was observed with antibodies against Pol II. The heterochromatic nature of the sites of SAYP binding is further proved by comparison of the distribution of SAYP with that of heterochromatin protein 1 (HP1): their colocalization is apparent in Figure 5E .
To verify the observed pattern, transgenic flies bearing the construct expressing FLAG-tagged SAYP were obtained. The transgene was able to rescue the e(y)3
u1 and e(y)3
EMSl mutations, testifying that tagged SAYP is functional. The antibodies against FLAG stained euchromatic and heterochromatic regions on polytene chromosomes of the transgenic flies, demonstrating complete colocalization with SAYP both in the sites on the arms of chromosomes ( Figure 5C ) and on the fourth chromosome and chromocenter ( Figure 5F ).
The results obtained implicate SAYP in the organization of heterochromatin structure and hence in regulation of gene expression in heterochromatin (see below).
SAYP represses the expression of transgenes located in heterochromatin
To study the function of SAYP in heterochromatin, we investigated the effect of the e(y)3 u1 mutation on expression of transgenes located in different heterochromatic regions of the fourth chromosome and in the chromocenter. The transgenic lines of flies bearing the P-element vector P[hsp26-pt, hsp70-w] have been described (Sun et al, 2000) . This vector contained the white gene driven by the hsp70 promoter, which produced a convenient marker to monitor gene expression both visually and by quantitating the amount of pigment accumulated in eyes.
The transgenic flies with inserts in heterochromatic domains demonstrated a variegating eye phenotype due to silencing of the transgene. The effect of SAYP on transgene expression was investigated in females heterozygous for e(y)3 u1 and P insertion and in males hemizygous for e(y)3 u1 and heterozygous for P insertion. We observed significantly increased transgene expression in males of most of the tested lines ( Figure 6A and B) . Even in females, the effect, although less prominent, could be observed despite the presence of a wild-type e(y)3 allele. Increased expression was observed in lines in which the P insertion occurred in the fourth chromosome and in the centromeric region (line 118E-10). The extent of the observed effect of e(y)3 u1 was similar to that shown previously for a missense mutation of HP1 (Su(var)2-5).
We also tested the influence of e(y)3 u1 on the natural white-mottled (w m4h ) mutation, which leads to variegated color of eyes because of X-chromosome inversion bringing the white gene in proximity to the centromere. Introduction of the e(y)3 u1 in w m4h flies tripled the white expression in females heterozygous for e(y)3 u1 and w m4h mutations ( Figure 6A ).
Thus, like the known mutations of HP1 and other proteins shown to participate in heterochromatin silencing, the e(y)3 u1 mutation is a dominant suppressor of PEV. It represses transcription of euchromatic genes brought into heterochromatin surroundings, affecting transgenes as well as a natural w m4h mutation. However, the influence of SAYP on the expression of genes originally residing in heterochromatin may be different. It may activate them, just as HP1 activates transcription of light and rolled genes of hetero- chromatin (Lu et al, 2000) . Importantly, recent findings suggest that HP1 regulates both positively and negatively several genes of euchromatin (Li et al, 2003; Piacentini et al, 2003) .
We further tested the influence of the mutation on expression of the same P-element construct located in 2L, 2R, and 3R telomeres, where SAYP binding was also detectable (data not shown). We did not find any significant changes in the level of white expression. The results obtained demonstrate that SAYP participates in repression of transcription in heterochromatin of the fourth chromosome and in pericentric heterochromatin, but not in telomeres.
The SAY domain is involved in transcription activation
In previous genetic experiments, the e(y)3 gene was shown to be required for activation of several genes (Georgiev and Gerasimova, 1989 ). Here we tested whether individual domains of SAYP would have transcriptional activation functions. To this end, several domains of SAYP were fused to the C terminus of LexA. In yeast cells, the fusion peptide containing the conserved region of SAYP (amino acids 1273-1629) efficiently activated the HIS3 and LacZ reporter genes containing LexA-binding sites upstream of their promoter regions (Table I) , while other LexA-SAYP fusions, in particular those containing the PHDs, did not (data not shown). Cells expressing the LexA-SAYP(1273-1629) fusion grew efficiently on selective medium lacking histidine, as well as those expressing the LexA-GAL4 activation domain fusion used as the positive control. The rate of LacZ reporter gene activation by LexA-SAYP(1273-1629) was 10 times lower than that provided by LexA-GAL4. However, it was about 80 times higher than that provided by LexA-SAYP(1366 -1629 that lacked the first 26 amino acids of the SAY domain. This fusion also resulted in a weaker growth. Deletion of 80 amino acids from the C terminus of the SAY domain in LexA-SAYP(1273 -1493 completely abolished the activity of the fusion peptide (Table I) . Thus, the whole conserved domain of SAYP (about 350 amino acids) is required for transcription activation in the yeast two-hybrid system, while the other domains do not possess this activity. These results testify that the SAY domain is a potent transcriptional activator that is responsible for the coactivator function of SAYP. However, in vivo, the other domains of SAYP may also be important for transcription activation.
The SAY domain is essential for fly viability and transcription activation in vivo
Next, we investigated the function of the SAY domain and PHDs using the obtained mutations. The influence of the e(y)3
EMSl mutation on fly viability is much more severe than that of e(y)3 u1 , suggesting that the SAY domain is indispensable for development of flies. To ascertain this, we constructed a transgene P{e(y)3 DPHD } that expressed a protein truncated shortly after the SAY domain, retaining the Ser-rich stretch but having no PHDs. The expression of P{e(y)3 DPHD } was confirmed by Western blot ( Figure 4A and B). The P{e(y)3 þ } construct producing the full-length SAYP was used as a control. Both constructs were first tested for the ability to rescue the lethal e(y)3
EMSl allele. The results are schematically represented in Table II . Eight independent insertions of P{e(y)3 þ } and five independent insertions of P{e(y)3 DPHD } were tested in rescue experiments. Just as P{e(y)3 þ }, the P{e(y)3 DPHD } transgene restored the visible wild-type phenotype of the e(y)3
EMSl mutants. We further tested the influence of the P{e(y)3 DPHD } transgene on the phenotype of the e(y)3 u1 mutation. As shown above, this mutation results in synthesis of the protein lacking PHDs. In addition, the amount of SAYP is decreased in the e(y)3 u1 strain. Introduction of P{e(y)3 DPHD } would increase the amount of truncated protein, making it possible b-Galactosidase activity (U) was determined using the following formula: U ¼ 1000 Â OD 578 /(t Â 0.5 Â OD 600 ), where t is incubation time (in minutes).
to detect the consequences of mutation caused by the lack of PHDs. Unexpectedly, like the construct expressing the wildtype SAYP, P{e(y)3 DPHD } was able to complement the main manifestations of the e(y)3 u1 mutation, restoring female fertility and increasing the viability of the e(y)3 u1 strain. Thus, a lower content of the SAY domain resulting from decreased e(y)3 expression, rather than the lack of PHDs, is the main cause of disturbances in e(y)3 u1 flies. We also assessed the influence of the SAY domain on gene expression in vivo. A significant manifestation of the e(y)3 u1 mutation described previously was its ability to interfere with the expression of several genes (Georgiev, 1994) . In particular, it affects the yellow gene, decreasing expression of the y 2 allele in bristles (Georgiev and Gerasimova, 1989) . The y 2 allele is generated by insertion of the retrotransposon gypsy in the yellow regulatory region (Geyer et al, 1986) . To exclude the role of gypsy in the e(y)3-mediated regulation of the yellow gene, we also used the y Inr allele that is generated by mutation in the Initiator element of the yellow promoter (Morris et al, 1999) . While the y Inr allele displayed a wildtype phenotype, the e(y)3 u1 mutation strongly reduced its expression in bristles.
We checked whether introduction of the P{e(y)3 DPHD } construct in y 2 e(y)3 u1 or y Inre (y)3 u1 flies would influence the expression of yellow, and observed complete restitution of the original y 2 or y Inr phenotype in transgenic y 2 e(y)3 u1 /Y; P{e(y)3 DPHD } males. Altogether, these results show the SAY domain to be crucial for the functioning of SAYP. A drop in its content to onefourth in e(y)3 u1 flies leads to disturbances in fly development, while deletion of the SAY domain appears to be lethal. It is involved in activation of transcription of the yellow gene in vivo, which confirms the results obtained in vitro in yeasts. At the same time, removal of PHD fingers seems to be not essential for these functions.
The PHD fingers of SAYP are specially needed for transcription repression in heterochromatin As SAYP is involved in repression of transcription in heterochromatin, we investigated whether the P{e(y)3 DPHD } transgene would interfere with the influence of the e(y)3 u1 mutation on PEV. In the e(y)3 u1 strain, SAYP mutation does not prevent the binding of mutated SAYP to polytene chromosomes (data not shown). Thus, either the weaker transcription of e(y)3 or the lack of PHDs, or both, suppresses PEV.
To discriminate between these possibilities, the P{e(y)3 DPHD } and P{e(y)3 þ } constructs were introduced in e(y)3 u1 ; P[hsp26-pt, hsp70-w] flies. Unlike the construct expressing the full-length protein, P{e(y)3 DPHD } producing the truncated PHD-finger-less version failed to suppress the influence of e(y)3 u1 on the expression of P[hsp26-pt, hsp70-w] transgenes in three tested lines. The transgenic females heterozygous for e(y)3 u1 did not increase the expression of the reporter white gene after introduction of either one or two copies of P{e(y)3 DPHD }. The same applied to males hemizygous for e(y)3 u1 . Hence, it is the PHD fingers of SAYP that are instrumental in repressing transcription in heterochromatin in vivo.
Concluding remarks
Our results demonstrate that SAYP is a chromatin-binding protein with a dual function that depends on chromatin surroundings. It operates positively or negatively in transcription regulation via different domains, which may interact with various transcription factors or protein complexes.
Previously, we observed strong genetic interaction between e(y)3 and e(y)1/taf9. This result suggests that SAYP may coactivate transcription by Pol II via interaction with TAF9-containing complexes, like TFIID or TFTC (Bell and Tora, 1999) . This interaction may involve the SAY domain that was shown to possess an activator function; the high evolutionary conservation of SAY points to its possible interaction with general factors of transcription, while the variable N terminus may interact with some factors specific for particular promoters.
Our data demonstrate that the PHD domains are not important for SAYP functions in euchromatin. At the same time, PHD fingers are required for repression of the euchromatic genes inserted into the heterochromatin region. Thus, SAYP, and particularly its PHD fingers, may perform dissim- The level of SAYP expression is decreased in e(y)3 u1 flies. Bold is used to highlight the transgenes. ilar functions in euchromatic and heterochromatic regions. The presence of PHD fingers in many chromatin-associated proteins suggests that PHD has chromatin-related function. Several PHDs were shown to participate in protein-protein interactions (Aasland et al, 1995; Fair et al, 2001; O'Connell et al, 2001; Schultz et al, 2001) . However, the PHD fingers are very diverse in sequence, suggesting that their molecular function related to chromatin is also diverse. Recent studies have demonstrated that the bromodomain and PHD of transcriptional cofactor p300 cooperate in binding nucleosomes that have a high degree of histone acetylation (Ragvin et al, 2004) , pointing to the possible function of PHD in histone code recognition. Deletion of the PHD domain from SAYP does not influence its ability to bind to polytene chromosome in euchromatin and heterochromatin regions. Thus, the PHD domains mediate some specific protein-protein interactions rather than recruit SAYP to chromatin.
Our results do not yet disclose the mechanisms of action of SAYP domains. Several models can be proposed to explain the dual activity of SAYP. It is possible that SAYP mutation suppresses PEV indirectly, decreasing the transcription level of genes responsible for transcription repression in heterochromatin. As the increase in the SAY domain content in transgenic flies does not influence PEV, this model implicates PHDs in transcription activation. We did not reveal the involvement of PHDs in transcription activation in yeast two-hybrid or in rescue experiments on Drosophila. The high concentration of SAYP in heterochromatin regions also suggests that SAYP is directly involved in repression.
The attractive possibility is that the SAYP-dependent silencing is realized via recruiting by the PHD domains of a protein or a protein complex involved in formation of pericentric heterochromatin. We did not find interaction between SAYP and HP1 in additional genetic experiments. We also observed no interaction between SAYP and Drosophila Mi-2 ATPase, a component of the NuRD complex that represses transcription through its remodeling and deacetylation activities (Brehm et al, 2000) (data not shown). However, these results do not exclude that the PHDs of SAYP may recruit to heterochromatin another complex responsible for transcription repression.
To explain the opposite activities of SAYP, we speculate that the SAY domain, once bound to euchromatin proteins, alters the PHD finger structure, thus blocking their interaction with a hypothetical transcription repressor (or repression complex). Conversely, in heterochromatin, there is no target for the SAY domain, and it is free or is blocked by heterochromatin proteins and thus does not prevent PHDs from binding with the repressor. It is also conceivable that SAYP enters into the composition of different multiprotein complexes having either coactivator or corepressor functions. Further studies should clarify the mechanism of action of the SAY domain and the PHD fingers of this versatile regulator protein.
Materials and methods

Genetic crosses and P-element-mediated constructs
Cultivation of flies, genetic crosses, and isolation of e(y)3 u1 mutation were described previously (Georgiev and Gerasimova, 1989) . The e(y)3 u1 mutation in combination with z v77h (zeste null allele) had an inhibitory effect on expression of the white gene. The lethal allele e(y)3
EMSl was found in the progeny of ethylmethanesulfonate (EMS)-treated males as a dominant suppressor of white expression in the presence of z v77h . The EMS treatment was performed as described by Kozitsina and Georgiev (1992) . The e(y)3 u1 and e(y)3 EMSl mutations were maintained in y 2 w 1 e(y)3 u1 /FM4 and e(y)3 EMSl /FM4 strains. The level of y 2 expression was measured as described previously (Georgiev and Gerasimova, 1989) . P{e(y)3} was obtained by inserting in the pCaSpeR 3 vector a genomic fragment flanked by BamHI sites at positions 1800 upstream of the beginning of the first exon and 1400 downstream of the stop codon. P{e(y)3 DPHD } was obtained by deleting the 3 0 -terminal 2622 bp of the same genomic fragment (deletion comprises exons 10-12 and the 3 0 -untranslated region). P{FLAG-e(y)3 þ } construct expressing Nterminal FLAG-tagged SAYP was obtained by insertion of FLAG epitope after the first initiation codon of e(y)3 gene. The constructs were injected into y 1 w 1 preblastoderm embryos as described elsewhere Spradling and Rubin, 1982) . The number of inserted copies was determined by Southern blot analysis using the P-element sequence as a probe. /Õ, P[hsp26-pt, hsp70-w]/ þ females was measured according to Sun et al (2000) as the transgenic/control OD 485 ratio (mean of five independent samples). The photographs of eyes were taken on the fifth day after emergence.
Rescue experiments with P{e(y)3} and P{e(y)3
DPHD
} constructs
Three independently obtained insertions of P{e(y)3} and four of P{e(y)3 DPHD } were used in each rescue experiment. Expression of yellow was evaluated in 3-to 5-day-old males developing at 25 1 C, ranked on a scale of 0 (pigmentation of y 1 flies) to 5 (pigmentation of y þ flies). Viability was calculated as percentage of surviving transgenic males versus FM4 males. No less than 200 males were scored for each transgenic strain. To study the expression of the reporter transgene in heterochromatin, the e(y)3 u1 mutation was introduced in three different strains (118E25 e(y)3 u1 , 39C52 e(y)3 u1 , 39C42 e(y)3 u1 ).
Cloning of e(y)3 gene and Northern blot analysis
The preparation of genomic and cDNA libraries from wild-type Oregon R and e(y)3 u1 flies was described by Georgieva et al (2000) . Total cell RNA was isolated from Drosophila embryos, larvae, pupae, or imagoes according to Maes and Messens (1992) . A 1.5 mg portion of poly(A)
þ RNA was loaded per lane of agarose gel. Northern hybridization was performed as described in the same work. Membranes were exposed to a Storage Phosphor Screen and developed on a Cyclone Storage Phosphor System (Packard Instrument Company).
Preparation of nuclear extracts and immunoprecipitation
Nuclear extracts from Drosophila embryos were obtained as described previously (Sandaltzopoulos et al, 1995) by lysing the nuclei from 0-to 6-h embryos with 0.4 M ammonium sulfate. Affinity-purified polyclonal antibodies raised in rabbits against Histagged SAYP peptides were used in Western blot analysis.
Immunostaining and in situ hybridization
Use was made of affinity-purified rabbit polyclonal antibodies against E(y)3 (dilution 1:300) and secondary FITC-conjugated and Cy-3 conjugated antibodies. Monoclonal antibodies against the CTD of the Pol II large subunit were a gift of Laszlo Tora; monoclonal antibodies against HP1 were a gift of Sarah Elgin. Antibodies against FLAG epitope (M2) were obtained from Sigma. Immunostaining of polytene chromosomes and in situ hybridization of tissue sections were performed as described previously (Soldatov et al, 1999) . Embryos were collected, fixed, and stained as described by Rothwell and Sullivan (2000) . Ovaries from wild-type flies were dissected in Ringer's solution (EBR: 130 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 10 mM Hepes pH 6.9), fixed, and stained as described by Lin and Spradling (1993) . Immunostaining of whole mounted preparations of third-instar larval brain was carried out according to Donaldson et al (2001) with modifications. Final preparations of brain and ovaries were mounted in Vectashield (Vector Laboratories).
